Background: Historically, torso obesity has been difficult to quantify. Digital technology has recently encroached into body contouring surgery but has not been developed by surgeons to aid with their anatomical mandates. Methods: For 3 years, the authors tested a three-dimensional digital body camera that used nonintrusive white light phase profilometry to produce a "point cloud" image of the subject. The result of the 2-minute scan process was an accurate three-dimensional body model of the subject, consisting of over 1.2 million surface points. The point cloud was compressed to provide programmable measurement extraction profiles that automatically extracted linear and circumferential measurements. Subjects were scanned and anthropometrically measured preoperatively and at 3, 6, and 9 months postoperatively. Seven circumferential measures (waist, hips, abdomen, bilateral thighs, and bilateral knees) were collected. Results: Fifty-two lipoabdominoplasty subjects participated in this pilot project. Lin's correlation coefficient was used to compare concordance between camera scan and anthropometric measurements and to compare the camera's reliability. When Lin's correlation coefficient was applied to our data, the composite Lin's correlation coefficient comparisons between the camera and anthropometric measurements were 0.9663 Ϯ 0.0035 preoperatively and 0.9634 Ϯ 0.0027 postoperatively. Anthropometric hip, waist, abdominal, and thigh circumferences all correlated closely with digital white light technology preoperatively (waist, 0.8602; hip, 0.6705; and abdomen, 0.8033) and improved at 6 months postoperatively (waist, 0.9197; and abdomen, 0.8031). Conclusion: In this project, Lin's correlation coefficient indicated that the digital camera was as accurate as and more efficient than anthropometric measuring for circumferential measurements. (Plast.
H
istorically, torso obesity and abdominal wall laxity have been difficult to quantify. Digital technology has recently encroached into body contouring surgery but has not been used or developed by surgeons to aid with their anatomical mandates. 1 Today, there is a need for a critical mass of digital information that can be applied for lipoabdominoplasty planning and archiving.
MATERIALS AND METHODS
For the past 3 years, we used a powerful new measurement tool to aid in our lipoabdominoplasty surgery. A three-dimensional digital body camera used nonintrusive white light phase profilometry and 32 coordinated charge-coupled cameras to record and rapidly produce a "point cloud" image of the subject. The result of the 2-minute scan process was an accurate three-dimensional body model of the subject, consisting of over 1.2 million surface points (Fig. 1) . The current generation camera, known as the NX16 (Novaptus Systems, Inc., Cary, N.C.) has a compact size of 4 feet long, 5.5 feet wide, and 7 feet high. The cost of the camera is U.S. $30,000. It comes with measurement software and the ability to export the image into a common data-modeling format.
There were no lasers or radiation used with this camera technology. The camera was safe and inexpensive, and the camera chamber was spacious and easy to use. The subjects' safety and privacy were enforced through an institutional review board-approved protocol.
In this study, the camera recorded seven circumferential measurements: waist, hip, abdomen, left and right thighs, and left and right knees. In addition, the camera also measured the full crotch length. These measurements, with the exception of the crotch length, were then compared with commonly used anthropometric measurements from the same sites, collected on the same subject population, on the same day. The principal investigator (D.A.G.) performed all of the anthropometric measurements.
In addition to extracting linear and circumferential measurements, the scanner also collected volumetric data. These three-dimensional measurements were recorded in 1-cm slices from which torso height and torso volume were extracted. The location of these landmarks produced a volumetrically and dimensionally accurate representation of the subject's torso. Periodic postoperative scans were analyzed and appended to assist the surgeon in monitoring the results of the surgery and the postoperative recovery. Common areas of circumferential lipoplasty were the hypogastrium, epigastrium, and bilateral flanks/ hips. The amounts of fat and aspirate suctioned from these sites were included in the postoperative calculations of torso volumes.
RESULTS
Thirty-nine female subjects who underwent lipoabdominoplasty participated in this pilot project. In addition, 13 female subjects who had undergone gastric bypass surgery and subsequent circumferential torsoplasty were also evaluated. This latter group is discussed as a subgroup in this article. Camera and anthropometric measurements were recorded preoperatively and 3, 6, and 9 months postoperatively. Follow-up scans were obtained from 6 months to 2 years postoperatively. Of a total of 208 potential scans, 182 were col- Fig. 1 . The camera collected data from 32 coordinated charge-coupled cameras using nonintrusive white light phase profilometry and rapidly produced a point cloud image of the subject.
Plastic and Reconstructive Surgery • April 2011 lected (85.8 percent subject compliance). All subjects had at least two postoperative scans each; for consistency, all postoperative results were reported at 6 months after surgery. Eleven subjects were scanned twice on the same day to establish the scanner's reliability. The subjects' average age was 42 years (range, 24 to 63 years). The subjects' average weight was 161.4 lb (73.4 kg) preoperatively and 158.3 lb (71.9 kg) postoperatively, corresponding closely to other reports. [2] [3] [4] Thirty-five lipoabdominoplasty subjects had lipoplasty incorporated into the abdominoplasty, in compliance with the practice advisory on liposuction. 5 The average amount of fat/aspirate/blood products liposuctioned was 1381 cc (range, 300 to 3000 cc) and the average amount of tissue removed from the abdomen was 1018 cc (range, 90 to 2700 cc), equaling an average total of 2336 cc of tissue removed. The last 11 subjects in the series all had more lipoplasty than tissue resection, reflecting a trend toward liposculpting and a more global approach toward torso rejuvenation. 6, 7 For the circumferential torsoplasties, the subjects' average age was 42 years (range, 19 to 64 years). The average preoperative weight of the post-bariatric surgery group was 202 lb (91.8 kg) (range, 140 to 287 lb); and 196 lb (89.1 kg) (range, 146 to 260 lb) postoperatively. The average amount of tissue removed from the torsoplasties was 5566 g (range, 2775 to 11,450 g). Only two of the torsoplasty subjects had ancillary lipoplasty performed, corresponding to other authors' classifications and opinions. 1,3,8 -10 The purpose of this study was to compare the data concordance of a three-dimensional white light body camera with criterion standard anthropometric measurements (Tables 1 and 2) . We used Lin's concordance correlation coefficient 11 to evaluate the reproducibility and the consistency of the concordance between camera and anthropometric measurements for both the lipoabdominoplasty and circumferential torsoplasty groups. Lin's coefficient is a modified version of Pearson's correlation coefficient, which is based on the expected value of the squared distance function and ranged from -1.0 to 1.0. The Pearson correlation coefficient is a measure of linear variation between two sets of scores, without specifying any degree of correspondence between the two sets of values. Lin's concordance coefficient, in contrast, was devised to provide a measure of reliability that is based on variation and correspondence. A concordance coefficient of at least 0.90 demonstrated the desired interrater reliability between camera Volume 127, Number 4 • Three-Dimensional Camera and anthropometric measurement methods. A confidence interval estimate approach for Lin's concordance coefficient was also used (Table 3) . When Lin's correlation coefficient was applied to our data, and three-dimensional camera measurements were compared with anthropometric measurements, there was a close correlation between preoperative waist (0.8522 Ϯ 0.8602), hip (0.7169 Ϯ 0.6705), and abdomen (0.
However, bilateral knee measures demonstrated marked variance with poor concordance between the three-dimensional camera and anthropometric data. The preoperative left and right knee measurements were 0.3548 Ϯ 0.3888 and 0.6073 Ϯ 0.5792, respectively. Postoperatively, the left and right knee measurements were 0.3132 and 0.5562, respectively.
In this project, the Lin's correlation coefficient indicated that the digital camera was as accurate as and more efficient than anthropometric measuring, particularly for circumferential measurements. Anthropometric hip, waist, abdominal, and thigh circumferences all correlated closely with digital white light technology, particularly postoperatively. The composite Lin's correlation coefficients between the camera and anthropometric measurements were 0.9663 Ϯ 0.0035 preoperatively and 0.9634 Ϯ 0.0027 postoperatively. Moreover, the ability to derive the camera measurements electronically suggested that the camera provided greater efficacy in clinical settings by applying a measurement extrac- Plastic and Reconstructive Surgery • April 2011 tion profile to the forecasted, scanner-reliable image. Eleven subjects had two scans performed on the same day to confirm the camera's reliability (Table 4). High concordance was observed for all of the measurements, except for the abdomen measurements, which had a high variability between scans. The Lin's correlation coefficient with the confidence interval can be found in Table 4 . The average concordance coefficient between two scans was 0.99232 with a 95 percent confidence interval.
Differences in concordance between the camera and anthropometric circumferential measurements reflected the difficulties in accurately and consistently measuring anthropometric data. 12 For example, anthropometric measurements were subject to intraobserver habits and bias because no two individuals perform the same measuring tasks with the same accuracy and fidelity. Circumferential inaccuracies may be attributable to interrater anthropometric bias or intrarater anthropometric versus camera bias when the camera and anthropometric measurements have different definitions (i.e., waist, thigh, knee). In particular, there was marked variance in the knee measurements between techniques. When we reviewed our anthropometric protocol, it was evident that the accepted method for measuring the knee circumference was directly over the patella. However, the white light camera was programmed to measure the knee circumference below the knee joint and directly adjacent to the tibial plateau. 13 Therefore, the difference between the knee measures and camera measures was one of investigator-measuring difference and not an inherent problem in the scanner programs or software.
It is this last point that is cogent to this discussion. Roche 13 pointed out that anthropometric measurements were subject to the definition of that particular measurement. The true value of a measurement can only be closely approximated because scanner and anthropometric measurements use different measurement techniques. Of all the comparable measurements, the abdomen had the greatest relative change from preoperatively to postoperatively for both camera and anthropometric data.
In addition to faithfully and objectively extracting circumferential and height measurements from the scan image, a measurement extraction profile was developed that generated a volumetrically and dimensionally accurate image of the torso. The measurement extraction profile that produced torso volume and torso surface area sliced the torso into 1-cm segments. Each segment was integrated around its surface contour using finite triangular summation to calculate the surface area of each segment.
Another part of the statistical analysis involved the "camera-only measurements." One of the more intriguing measurements offered by the three-dimensional camera was the full crotch length, which was defined by the camera as the anterior waist-to-small of back length through the crotch. For obese subjects who had a prominent pannus, the operation effectively reduced the crotch length postoperatively. However, for more ectomorphic subjects, the crotch was sometimes lengthened as the abdominal wall was plicated and the umbilicus relocated (elevated) to a more superior position. 14, 15 Did comparing preoperative and postoperative camera torso volumes render an accurate portrayal of the amount of tissue removed at surgery? Of the 39 lipoabdominoplasty subjects, 22 had other torso procedures performed at the same time (e.g., breast augmentation, breast lift, breast reduction) that excluded them from torso volume evaluations. For the 17 lipoabdominoplasty subjects that had no other ancillary procedures, we reviewed the difference between preoperative and postoperative torso volumes and compared the differences to the specimen weights and volumes. The average preoperative torso volume was 46,452 cc (range, 31,343 to 64,756 cc) and the average postoperative volume was 43,523 cc (range, 25,648 to 62,179 cc), giving an average difference of 2929 cc. The average total amount of tissue liposuctioned and resected for these subjects was 3416 cc (range, 473 to 4649 cc). The average difference between the 3 percent) .
Why was there a difference between the camera volume measurements compared with the amount of tissue removed at the time of surgery for the lipoabdominoplasty and torsoplasty subjects? It appeared that measuring torso volumes at 6 months postoperatively did not accurately depict complete healing in the majority of subjects and probably reflected only the extent of early healing, postoperative edema, or substantial lifestyle change with marked weight loss. It may also reflect the very fluid nature of weight gain following abdominoplasty surgery, with the incorporated partial sympathectomy of the lower abdominal wall, histamine release from "avulsion" of the abdominal pannus, 16 and aggressive discontinuous undermining of the lower body 7 ( Figs. 2 and 3 ).
CONCLUSIONS
In this protocol, the three-dimensional digital camera technology was faster, better, and less expensive than analogue tape measure measurements. The camera scanner was able to record a critical mass of digital information that could be permanently archived, measure postlipoabdominoplasty subjects with accurate results, and play an instrumental role in virtual predictive modeling.
As digital measurements are collected, we will be more able to create "closed loop models" that will Fig. 2 . This subject underwent an extended abdominoplasty and was sequentially scanned for 1 year postoperatively. By periodically updating the subject's adiposity indicators, a method of quantifying the rate of surgical recovery was determined. Fig. 3 . Torso volume/torso surface area ratio. Volumetric analysis of an abdominoplasty case accurately illustrated the rate of postoperative recovery, including an "edema spike" at 6 months that resolved by 12 months postoperatively. The postoperative trajectory varies from subject to subject but often reflects optimal healing and a commitment to lifestyle changes.
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accurately record the amount of tissue removed from lipoabdominoplasty surgery. Closed loops vary in volume over time but accurately portray the subject's postoperative healing course, including requisite postoperative torso edema, scarring, "collateral damage" from flank and epigastric lipoplasty, and residual thigh and knee swelling that often takes several months to resolve (Fig. 3) .
